In a previous study, tomato race 3 (T3) strains of Xanthomonas perforans became predominant in fields containing both X. euvesicatoria and X. perforans races T1 and T3, respectively. This apparent ability to take over fields led to the discovery that there are three bacteriocin-like compounds associated with T3 strains. Bacterial spot of tomatoes and peppers is caused by Xanthomonas campestris pv. vesicatoria. Pohronezny and Volin (34) estimated that as high as 50% loss of marketable fruit was due to bacterial spot on tomatoes. Control of bacterial spot of tomato is difficult when high temperatures and high moisture exist. Bactericides, such as fixed coppers and streptomycin, have provided the primary means of control (30, 45, 46) ; however, streptomycin-resistant mutants and copper-tolerant strains became prevalent on treated plants (46). Marco and Stall (30) showed that many Xanthomonas euvesicatoria strains were tolerant of copper and addition of mancozeb to copper sprays improved control of the copper-tolerant strains (6, 30). However, they also showed that this treatment is insufficient when conditions favorable for disease development exist.
Bacterial spot of tomatoes and peppers is caused by Xanthomonas campestris pv. vesicatoria. Pohronezny and Volin (34) estimated that as high as 50% loss of marketable fruit was due to bacterial spot on tomatoes. Control of bacterial spot of tomato is difficult when high temperatures and high moisture exist. Bactericides, such as fixed coppers and streptomycin, have provided the primary means of control (30, 45, 46) ; however, streptomycin-resistant mutants and copper-tolerant strains became prevalent on treated plants (46) . Marco and Stall (30) showed that many Xanthomonas euvesicatoria strains were tolerant of copper and addition of mancozeb to copper sprays improved control of the copper-tolerant strains (6, 30) . However, they also showed that this treatment is insufficient when conditions favorable for disease development exist.
On tomato, three races, designated tomato race 1 (T1), T2, and T3, were identified based on their reaction on three tomato genotypes (25, 26, 44) . Recent reclassification of the xanthomonads associated with bacterial spot of tomato has changed the species classification of these races. Currently, T1 strains are classified as X. euvesicatoria, T2 strains are classified as X. vesicatoria, and T3 strains are now classified as Xanthomonas perforans (24) . T1 and T2 were first identified in 1990 (55) and are distributed worldwide (3), although only T1 strains were present in Florida until the early 1990s. In 1991, T3 appeared in Florida fields (26) and eventually predominated (22) . This new race had antagonistic activity toward T1 strains (8) and was determined to be a new group designated group C (23) . Genetically, T3 strains are most closely related to T1 strains based on DNA similarity values (23) .
In a previous study, wild type (WT) T3 strains were shown to be antagonistic toward WT T1 strains (8) . Tudor-Nelson et al. (52) identified three cosmid clones, designated BCN-A, BCN-B, and BCN-C, which were found to confer the ability to inhibit a sensitive T1 strain in plate assays. These compounds were determined to have narrow inhibition spectra and fit the definition of a bacteriocin described by Reeves (36) based on the following criteria: (i) the presence of a biologically active protein moiety, (ii) inducibility with mitomycin C, and (iii) non-self inhibition (52) . The three clones isolated by TudorNelson et al. (52) were unique in activity and specificity based on differential inhibition of selected sensitive T1 and T2 strains (52) . It has been speculated that the bacteriocins may confer in part or completely this competitive advantage.
Of the bacteriocins which have been well characterized in the field of bacteriology, the most studied of the gram-negative bacteria bacteriocins is the colicin family found in Escherichia coli. The genes encoding the bacteriocins of E. coli are found on plasmids. The modes of action of these colicins range from pore formation in the cell membrane to nuclease activity against DNA, rRNA, and tRNA (54) . Most of the bacteriocins produced by gram-negative bacteria are large proteins and, in the case of the colicins, range in size from 449 to 629 amino acids for the pore-forming bacteriocins and 178 to 777 amino acids for the nuclease bacteriocins (54) . The extensive research on the colicin family of bacteriocins has offered many helpful insights into the evolution of bacteriocins and the relationships between the producing and sensitive strains. Theories have developed from studying this family related to the evolution of bacteriocins. It was hypothesized that new bacteriocin-producing strains arise through recombination (4, 47) , as well as mutations (37, 38) . It is likely that many closely related bacteria acquire bacteriocins by horizontal transfer. For instance, homology was detected between a bcnA-specific probe and genomic DNA of X. campestris pv. glycines strain 1717 (51) . In addition, a subclone from X. perforans T3 strain 91-118 that conferred immunity to BCN-A also conferred immunity to X. campestris pv. glycines (16, 52) .
There has been conjecture by Riley and Wertz (39) that bacteriocins may serve as anticompetitors enabling the strain to invade an established microbial community. This appears to suggest that bacteriocins may play a defensive role in limiting competition among bacteria, essentially giving the producing cells a competitive advantage over the nonproducing sensitive strains. The ability of bacteriocin-producing strains to reduce sensitive strains when grown together has been shown previously (13, 18, 33, 42, 49, 53) .
In this study, we show the relative importance of bacteriocins of T3 strains of X. perforans for their antagonistic activity toward T1 strains in greenhouse and field studies and present information that one bacteriocin-like compound may be a negative factor in competition between strains.
MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. The origin and relevant characteristics of the bacterial strains and plasmids used in this study are listed in Table 1 . Strains of X. euvesicatoria and X. perforans were grown on nutrient agar (NA) medium (Difco Laboratories, Detroit, MI) at 28°C. Strains of E. coli were grown on Luria-Bertani (LB) medium at 37°C (32) . All strains were stored in 20% glycerol in sterile tap water at Ϫ80°C. Antibiotics were used to maintain selection for resistance markers at the following concentrations: tetracycline, 12.5 g/ml; rifampin, 100 g/ml; spectinomycin, 50 g/ml; kanamycin, 50 g/ml; chloramphenicol, 34 g/ml; streptomycin, 200 g/ml; nalidixic acid, 50 g/ml. 
DNA manipulations.
Standard techniques for molecular cloning were used as described by Sambrook et al. (40) . Restriction endonuclease digestions were performed using the manufacturer's specifications. All enzymes were obtained from Promega (Madison, WI). All DNA extractions were as described by Sambrook et al. (40) . T4 DNA ligase was used according to the manufacturer's specifications (Promega, Madison, WI). Constructs were transformed into competent E. coli DH5␣ cells that were prepared as described by Sambrook et al. (40) and stored at Ϫ80°C until used for transformation.
Transposon mutagenesis. Insertion mutagenesis of BCN-A ϩ was performed using a transposon Tn3HoHo1 derivative of pHOKmGus (2) . E. coli strain DH5␣ carrying pShe (Cm r ) and pDooey (⍀ Sp r -encoding gene cassette) was transformed with the BCN-A ϩ -containing plasmid pXV519 (Table 1) . Transformants (Tc r Sp r ) were mated with E. coli C2110 (Nal r ) using pRK2073 as the helper plasmid. Matings were incubated on LB agar plates for 8 h at 37°C and then plated on LB medium amended with tetracycline, spectinomycin, and nalidixic acid to select for mutated plasmids. Insertion derivatives were mobilized into X. euvesicatoria strain ME-90 (Rif r Sp r ) as previously described and screened for loss of BCN ϩ activity against strain 91-106. The insertion of the Sp r -encoding gene in pBCN-A Ϫ -92 ( Fig. 1 ) was located within the region amplified by two PCR primers (132 and 135) specific to open reading frame 4 identified previously (51) .
Generation of BCN-A mutants. Triparental matings were performed using pRK2073 Sp , and Mut-BC Rif Km Cm as the recipients. Marker exchange was achieved using standard methods (40) . The candidate colonies were screened for loss of BCN ϩ activity and confirmed for insertion by Southern hybridization (43) (using subclones of BCN-A, BCN-B, and BCN-C as the probes) and/or PCR using primers BCN-1 (5Ј-CCCAAGCT TCACGGTCGTCGCCCGCACC-3Ј, where the HindIII restriction sequence is in boldface type) and BCN-2 (5Ј-CCCAAGCTTACTGCAGCGCCGACGCAC C-3Ј).
Generation of BCN-B mutants. Triparental matings were performed using pRK2013
Km as the helper (Table 1) , E. coli DH5␣ containing pXV442-255 (pXV442
Tc with insertion of a Km r cassette for inactivation of BCN-B) as the donor, and 91-118
Rif as the recipient. Marker exchange was achieved using standard methods (40) . The candidate colonies were screened for loss of BCN ϩ activity and confirmed for insertion by Southern hybridization (using subclones of BCN-A, BCN-B, and BCN-C as the probes) and/or PCR (with primers BCN-1 and BCN-2).
Generation of BCN-C mutants. Activity in the BCN-C ϩ in pXV1.7 (Table 1 ) was knocked out using PCR deletion rearrangement mutagenesis as described by Kanifa et al. (27) . A 515-bp region of the 1.7-kb fragment within pXV1.7 was deleted using divergent primers BCN-3 (5Ј-CACCAGCGGCAACTACACCAT CC-3Ј) and BCN-4 (5Ј-CATAGACGCGGTCCTGGGTGCC-3Ј) to create pXV1. 7-515 (Table 1) .
A gene cassette with chloramphenicol resistance (35) was ligated into the BCN-C Ϫ fragment using HindIII sites added by divergent primers BCN-3 and BCN-4. After addition of the chloramphenicol cassette, the final product was 2.0 kb long. The fragment was excised from pBluescript using flanking restriction sites (ApaI and BamHI) and ligated into suicide vector pOK1 (19) . The WT T3 strain was transformed using a suicide vector technique described by Kanifa et al. (27) . To confirm replacement of the BCN-C region, PCR primers were designed to amplify flanking regions of the crossover event within primers BCN-1 and BCN-2. Successful replacement mutants yielded a PCR product of ϳ800 bp, whereas the WT strain yielded an ϳ515-bp fragment. The BCN-C knockout candidates were screened for BCN activity after conjugation into X. euvesicatoria strain ME90 (Rif r Km r ) (T1 strain) using the previously described triparental mating technique.
Southern hybridization analysis. DNA digested with restriction enzymes for Southern analysis was electrophoresed in 0.75% agarose gel according to standard protocols (40) . DNA was denatured in 0.4 N NaOH-0.6 M NaCl for 30 min and neutralized for 30 min in 0.5 M Tris-1.5 M NaCl. The DNA was transferred from gels to Nytran membranes (Schleicher & Schuell, Keene, NH) by Southern blotting (40) . Hybridized DNA was detected with the Genius nonradioactive DNA labeling and detection kit (Boehringer Mannheim Biochemicals, Indianapolis, IN) as described by the manufacturer. BCN ϩ clones were used as the probes in cross-hybridization experiments with each other. Probes were labeled by the random primer method (9) for incorporation of digoxigenin-dUTP.
Population dynamics of WT T1 and T3 strains and mutant T3 strains in leaf tissue. Strains were grown in nutrient broth (NB; Difco Laboratories, Detroit, MI) for 18 h, harvested by centrifugation, and resuspended in sterile tap water or 0.01 M MgSO 4 . Mutant and WT T3 strains were inoculated at 5 ϫ10 6 CFU/ml into leaflets of 6-week-old seedlings of the tomato cultivar Bonny Best. Leaflets were infiltrated (15 leaflets each) using a hypodermic syringe and needle as described previously (22) . Following inoculation, plants were incubated at 24°C to 28°C. Three samples were taken for each treatment at each time interval. Populations were quantified by macerating 1-cm 2 leaf disks in 1 ml sterile tap water and dilution plating onto NA medium amended with the appropriate antibiotic. Plates were incubated at 28°C, and colonies were counted after 48 to 72 h. Samples were assayed at 24-h intervals for 96 h. Population data were transformed to log 10 values, and standard errors were determined. The overall growth rate was determined by calculating the area under the population progress curve (AUPPC). The AUPPC is a modification of the area under the disease progress curve (AUDPC) which has been used to analyze disease progress (41) 
, where x is population density in log CFU per milliliter and t is time in hours.
Significant differences were determined using the standardized AUPPC, and statistical analyses were done using SAS (SAS Inc., Cary, NC). Each experiment was conducted three times.
Effects of T3 and mutant strains on internal leaf populations of a T1 strain. Strains were grown in NB for 18 h, harvested by centrifugation, and resuspended in sterile tap water or 0.01 M MgSO 4 . The WT T3 or a mutant strain and a T1 strain at 5 ϫ 10 7 CFU/ml and 5 ϫ 10 6 CFU/ml, respectively, were infiltrated into leaflets (15 leaflets each) of 6-week-old seedlings of the tomato cultivar Bonny Best. Prior experiments were conducted to maximize the timing and concentration of populations to optimize the bacteriocin activity (52). The WT T3 or mutant strain was inoculated 12 h prior to inoculation with the T1 strain. Each treatment consisted of three replications. Following inoculation, plants were incubated at 24°C to 28°C. Populations were determined as described above. Samples were assayed at 12-h intervals for 96 h. Population data were analyzed following log 10 transformation, and standard errors were determined. Significant differences were determined using the standardized AUPPC, and statistical analyses were done using SAS (SAS Inc., Cary, NC). Each experiment was conducted three times.
Pairwise inoculation of WT T3 or a mutant T3 strain with a T1 strain in the field. In the first experiment, individual knockout mutants (Mut-A, Mut-B, and Mut-C), a triple-knockout mutant (Mut-ABC), and the WT T3 strain (91-118) were evaluated individually for antagonism toward a T1 (E3-1) strain. Strains were grown in NB for 24 h, harvested by centrifugation, and resuspended in a solution of 0.01 M MgSO 4 . The bacterial suspensions were adjusted to 5 ϫ10 7 CFU/ml, and the surfactant Silwet (Loveland Industries Inc., Greeley, CO) was added to a final concentration of 0.025%. Six-week-old seedlings of the tomato cultivar FL47 were used in the field experiments. Plants were dipped into suspensions of the WT T1 strain 24 h prior to inoculation with the T3 mutant or WT strains to give an advantage to the T1 strains.
The experimental design was a completely randomized block design consisting Lesions were sampled by removing symptomatic leaflets from the uppermost portion of the tomato plants and isolating bacteria from 30 lesions from 10 to 15 leaflets to determine the incidence of WT or mutant T3 strains and WT T1 strains in each lesion. Individual lesions were macerated in 50 l of sterile 0.01 M MgSO 4 solution and quadrant streaked for isolation of individual colonies for identification. Significant differences for both seasons (spring and fall 2001) were determined using the area under the incidence progress curve (AUIPC). The AUIPC is also a modified AUDPC to analyze bacterial populations recovered from lesions rather than disease progress:
, where x is the arcsin of the percent recovery and t is hours after inoculation.
Asymptomatic leaf tissue was also sampled every 2 weeks beginning 50 days after transplanting to determine epiphytic populations in each plot. Three samples were taken from each plot, each containing three or more leaflets. Each sample was weighed, placed in a sterile Falcon 50-ml polystyrene tube (Becton Dickinson, Rutherford, NJ) containing 10 ml of peptone buffer (Difco Laboratories, Detroit, MI) per g of tissue (31) , and shaken at 200 rpm for 30 to 45 min. Serial 10-fold dilutions were made in sterile 0.01 M MgSO 4 solution. A 50-l aliquot of each dilution was plated onto Tween B medium (31) . After incubation at 28°C for 4 to 5 days, three to five colonies typical of X. euvesicatoria were selected and plated on medium amended with appropriate antibiotics to select for mutant, WT T1, and WT T3 strains. Significance was determined by using the area under the epiphytic progress curve (AUEPC). The AUEPC is another modified AUDPC to analyze the bacterial epiphytic populations rather than disease progress:
, where x is the arcsin of the percent recovery and t is days after inoculation.
In a group inoculation experiment, all the T3 mutant strains (Mut-A, Mut-B, Mut-C, and Mut-ABC), the WT T3 (91-118) strain, and the WT T1 (E3-1) strain were inoculated into the same plants. This experiment consisted of four replications. For the first two seasons, the plants were dip inoculated with each strain 2 days prior to being transplanted. In the third season, each strain was inoculated on individual leaflets by leaf infiltration to eliminate any problems due to multiple dip inoculations. Symptomatic leaf tissue was collected as indicated in the first experiment. Significant differences for the three seasons (spring and fall in 2001 and fall in 2002) were determined using SAS (SAS Inc., Cary, NC) for the AUIPC.
Symptomatic leaflets from each plot were sampled every 2 weeks to determine the incidence of the WT T1 strain, the WT T3 strain, or the mutant strain in lesions. Thirty lesions were sampled from 10 to 20 leaflets randomly collected in each plot. Bacteria were reisolated by macerating a lesion in 75 l of sterile deionized water and streaking onto NA medium amended with pentachloronitrobenzene at 134 g/ml and/or cycloheximide at 50 g/ml. Individual colonies were plated onto two media, NA medium amended with the appropriate anti- ). The percent recovery was determined based on the ratio of WT or mutant T3 strains compared to the total lesions as follows: percent recovery of mutant strains ϭ no. of mutant strains isolated/total no. of strains isolated.
RESULTS

Relative importance of BCN
؉ in planta. Greenhouse experiments were conducted to determine the effects of mutations on growth rate and their ability to reduce T1 populations in planta. In the growth curve assay, WT T3 had the highest overall growth rate; however, it was not significantly different from Mut-A, Mut-BC, or Mut-ABC (Table 2 ; Fig. 2 ). According to the AUPPC, WT T3 was only significantly different from Mut-B, Mut-C, and Mut-AB.
A second in planta assay was conducted to determine antagonistic activity of WT and mutant T3 strains toward the T1 strain (Fig. 3) . The AUPPCs were based on the WT T1 strain population recovered. The T1 population that was coinoculated with water exhibited a normal growth curve over the 96-h sampling period and, based on the AUPPC (Table 2) , had a significantly higher population level than all other treatments. The WT T3 strain and Mut-B provided the greatest reduction a AUPPC for growth rate assay for each strain over a 96-h period. b AUPPC for the assay based on WT T1 strain populations recovered over a 96-h period from leaflets containing both a test strain and a T1 strain.
c Values followed by the same letter are not significantly different according to Duncan's multiple-range test. (P ϭ 0.05) using SAS (Cary, NC) program 8.1. in T1 populations. Mut-A and Mut-ABC reduced T1 populations only slightly compared to the water control and were not considered significantly different from one another. Interestingly, Mut-AB and Mut-BC were both able to reduce T1 populations significantly more than Mut-A and Mut-C, respectively. In both cases, expression of BCN-B appeared to result in a less antagonistic bacterium.
In a separate experiment, we tested the effect of prior inoculation of a T1 strain or Mut-ABC against our WT T1 indicator strain to determine if the Mut-ABC strain behaved like a non-bacteriocin-expressing pathogenic tomato strain. We found that there were no significant differences between the Mut-ABC and WT T1 strains in reducing the indicator T1 strain (data not shown). The experiment was repeated once.
Pairwise inoculation of WT T3 or a mutant T3 strain with a T1 strain in the field. In the pairwise inoculation experiment, WT T1 populations were significantly reduced by all strains by the second sampling date (Fig. 4) . For the first season, an average of 95 to 99% of WT T3 or Mut-B was recovered over WT T1 strains (Table 3 ). The lowest recovery of mutant strains occurred in plots receiving Mut-A and T1, although it still averaged over 70%. Mut-B and WT T3 91-118 strains gave the highest recovery overall.
In the second season, WT T3 and mutant strains were predominantly recovered (Fig. 4B) . The AUIPC of WT T3 was not significantly different from Mut-ABC or Mut-C. Mut-B was recovered from approximately 97% of the lesions and was not significantly different from Mut-ABC. Mut-C was recovered from 86% of the lesions and was not significantly different from the WT T3 strain. Mut-A plots exhibited the lowest recovery of the mutant strain, with an average recovery of 70%, and had a significantly reduced AUIPC compared to all other strains.
In the group inoculation experiment, both symptomatic ( Fig.  5A ; Table 4 ) and epiphytic ( Fig. 6 ; Table 4 ) populations were sampled for the first season (spring 2001). The WT T1 strain had the lowest AUIPC for both sampling techniques (Table 4) . Mut-B was recovered most frequently. The trends observed in the epiphytic populations in spring 2001 (Fig. 6) were similar to the symptomatic data in the spring of 2001 (Fig. 5A) . The strain recovered at the highest frequency was Mut-B. WT T3 was not significantly different than Mut-ABC, Mut-A, or Mut-C. The AUEPC of the WT T1 strain was the lowest of all strains tested; however, it was not significantly different than Mut-A or Mut-C. 
DISCUSSION
In this study, we determined that three bacteriocin-like compounds, BCN-A, BCN-B, and BCN-C, provided the T3 strains with a competitive advantage over T1 strains. Furthermore, certain combinations of the bacteriocins were more effective in reducing T1 populations. The importance of the bacteriocins in antagonism toward T1 strains was observed when looking at the greenhouse experiments. The growth rate of the WT T3 strain was the highest of all the strains tested; however, there could be no correlation made between growth rate and bacteriocin expression.
It appears that BCN-B has a negative effect on WT T3 (ii) it may be toxic to the producing strains; or (iii) it may also affect the production or delivery of BCN-A and/or BCN-C in the producing T3 strain, lowering its antagonistic properties. Further research is necessary to determine if any of these explanations is correct.
It is unlikely that the first two theories are correct based on the in planta growth rate assay experiment. There were no consistent significant differences related to the presence or absence of BCN-B. There is, however, evidence in support of the third explanation in the in planta antagonism assay experiment, in which Mut-BC and Mut-AB (only expressing BCN-A and BCN-C, respectively) gave significantly lower AUPPCs compared to Mut-C and Mut-A (expressing BCN-AB and BCN-BC, respectively). Tudor-Nelson et al. (51, 52) previously noted the WT T3 strains produced a smaller zone of inhibition than a T1 strain expressing the BCN-A clone or Mut-B in plate assays. This may be an indication that BCN-B has an adverse effect on expression of BCN-A in a WT T3 background. Negative effects on producing strains have been observed previously in E. coli. Colicin V has been shown to cause a sickly a Letters in parentheses indicate significance using proc analysis of variance P ϭ 0.05 using SAS.
appearance in E. coli strains not properly delivering the bacteriocin across the outer membrane (4) .
The increase in antagonism toward expression of BCN-A and BCN-C together observed in the in planta assays was also observed in the field experiments, although less dramatically. In the field experiments with the pairwise inoculation of WT T3 or a mutant and a T1 strain, Mut-A and Mut-C strains reduced T1 populations less than the WT. This was consistently observed for Mut-A, although Mut-C only showed this reduced effect in the second season.
This study may suggest a possibility for developing a biological control strategy utilizing these compounds. The first step in developing a biological control strategy is to show a competitive advantage associated with the bacteriocins. In this study, X. perforans T3 strain bacteriocins have been shown to directly inhibit T1 strains in the greenhouse and the field. Bacteriocins have been observed in lab settings for many phytopathogenic bacteria, including Agrobacterium (28, 48) , Burkholderia solanacearum (12) , Corynebacterium (7, 15) Erwinia (5, 7, 20, 21) , Pseudomonas (12, 14, 42) , Xanthomonas (1, 10, 17, 56) , and Vibrio (18) ; however, few bacteria have been shown to have a competitive advantage over the nonproducing strains in the field. Pseudomonas syringae strain PSW-1 was shown to express a bacteriocin that can suppress sensitive strains in bean hypocotyls at certain concentrations, and the bacteriocin activity can be isolated from infected hypocotyls of bean (42) . Agrocin 84 is commercially available and is produced by Agrobacterium radiobacter strain K84 and has also been found to suppress sensitive strains by a bacteriocin that is actually a fraudulent adenine nucleoside analog with no protein component (49) .
In this study, we have shown that T3 strains produce three bacteriocins, each of which is antagonistic toward T1 strains in the greenhouse and in the field; however, more work is necessary to characterize each bacteriocin in order to determine the exact genes responsible for the production and delivery of each bacteriocin, as well as the individual mode of action. As for the development of a biological control strategy utilizing these bacteriocins, there are several possibilities: (i) direct incorporation of these genes into the tomato genome, (ii) purification of BCN-A and BCN-C from supernatant may provide a source of prophylactic control of T1 strains as a foliar spray in the field, and (iii) expression of these bacteriocin-like compounds in a bacterium that colonizes plants epiphytically or in an attenuated strain. A study has demonstrated that a nonpathogenic T3 strain of X. perforans was able to reduce the severity of bacterial spot disease in the field (29) . This promising result, along with the findings of this study, warrants further investigation into the development of a biological control strategy for bacterial spot disease.
